This paper reviews the contrasting behaviours of ice caps and icefields, defines a generic landsystem model that can effectively discriminate between them, and applies the model to landform-sediment assemblages in an area of western Scotland. Such a model is necessary, since many palaeoenvironmental inferences from formerly glaciated terrains are based on the geometry, extent and dynamics of reconstructed ice masses. The validity of these glacier reconstructions is dependent on the accurate initial interpretation of relict landforms and sediments, and their inter-relationships. A new landsystems model is presented here, in which individual geological and geomorphological elements are checked against a set of eight theoretical diagnostic criteria that characterize the style of former glaciation. When applied to a 1200 km 2 area of the western Scottish Highlands, the landsystem tool predicts 1) an extensive Younger Dryas ice cap with a maximum surface elevation of 900 m above sea level, implying colder or wetter conditions than previously thought, and 2) the survival of an independent mountain icefield in part of the area during deglaciation. Glaciological theory, proxy palaeoenvironmental data and established glacier-climate-topography relationships support these predictions, thereby giving credibility to the landsystem methodology as a generic tool for palaeoglaciological reconstructions.
Introduction
that overlap may exist between icefield and ice cap morphology, and that the differences between a mountain icefield and a non-equilibrium ice cap may be hard to distinguish. In summarising many earlier ideas, Benn & Evans (1998) focus on the role of topography in their definitions: an ice cap will (at least in its central area) 'submerge the landscape' and will flow independently of bed topography. In contrast, an icefield does not possess a dome-like surface and its flow is influenced by underlying topography. Again, it is recognised that there are rarely clear distinctions between types of ice mass; instead they all lie along 'spatial and temporal continuums of form'. Given a suitable climatic regime, glaciers will grow from localised corrie glaciers into a single coherent ice sheet through various intermediate forms ( Figure 1A ). Different magnitudes of climate change produce bifurcations in the response of ice which appear to govern whether the ice mass evolves to a stable or unstable state ( Figure 1B ). Ultimately these bifurcations are tempered by the nature TABLE 1 Given that the most apparent distinction between ice caps and icefields is in the degree of topographic control exerted on the direction of former iceflow, evidence that reflects non-topographic iceflow might be especially useful in identifying areas where ice cap glaciation has previously occurred. Such topographically unconstrained flow may be manifest in the geological record by preservation of any of the following:
1. Topographically discordant ice-marginal landforms, such as retreat moraines aligned across valleys obliquely or with their ice-contact slope on the down-valley side.
2. Areas of thick subglacial till and preservation of pre-existing deposits, particularly where ice has flowed obliquely across a valley or up a reverse slope, or across a col (Thorp, 1991a) . In addition, the upper limit of till on steep valley sides where ice has flowed obliquely may be asymmetric, due to a predominance of lee-side cavity infilling on the up-glacier side and increased basal erosion on the down-glacier side. 3. Streamlined high-level cols where ice has overtopped local watersheds as a result of ice flow governed by surface slope rather than underlying topography. The streamlining may be evident in the presence of ice-scoured bedrock or streamlined glacigenic deposits (flutes or drumlinoid forms), or both.
4. Glaciotectonic structures and palaeo-iceflow indicators that attest to former ice flow against the topographic gradient.
5. Ice-marginal drainage where bedding suggests palaeoflow was against the modern topographic gradient, often forming ice-contact fans and resulting in ephemeral ice-marginal lakes or ponds in which laminated clay, silt and sand were deposited.
6. Streamlined and superimposed bedforms, striae, and erratic transport paths indicating predominantly radial outward ice flow from a central dome, irrespective of the trend of major valleys.
Whilst isolated occurences of the above may not be particularly instructive, their widespread presence may be diagnostic. Thus the greater the abundance and wider the distribution of such features, the stronger the case for ice cap glaciation. Where ice cap landsystem elements are either sparse or entirely absent, it can be inferred that topographic control was greater and that perhaps an icefield reconstruction is more appropriate. When a suitable reconstruction has been achieved, the overall size and geometry of the former ice mass should also be considered (Table 1) .
The ice cap landsystem defined above can be regarded as a tool for palaeoglaciological reconstruction in the same manner as has been achieved elsewhere (cf Stokes & Clark, 1999; Evans, 2003b) . Comparison of empirical field evidence with landsystem elements characteristic of particular styles of glaciation enable the most glaciologically plausible explanation for landscape formation to be derived. However, since ice-mass morphologies form continuums rather than distinct and separate entities (Benn & Evans, 1998 ) a degree of overlap may be expected. Additionally, it is rare for all elements of a landsystem to be present in every case (Stokes & Clark, 1999) .
Presented here are the results of detailed geomorphological and sedimentological mapping at 1:10 000 and 1:25 000 scale in an area of the western Scottish Highlands, focusing on the landsystem elements pertinent to the ice cap / icefield debate. These data form the empirical foundation for a palaeoglaciological reconstruction of a 1200 km 2 study area, from the southern margin of Rannoch
Moor at Black Mount to the head of Loch Lomond, and from Glen Lyon to Glen Orchy ( Figure   2 ). The area is characterized by dissected mountain ranges with peaks exceeding 1000 m in height rising from deep valleys, the lowest of which lie almost at sea level (e.g. Loch Lomond). The area was last glaciated during the Younger Dryas , or Loch Lomond Stadial (12.7 ka -11.3 ka, Alley, 2000) .
Style of Younger Dryas glaciation
Recent work in part of the western Scottish Highlands has identified a mismatch between the widely accepted icefield reconstruction, largely based on the work of Thorp (1981 Thorp ( , 1984 Thorp ( , 1986 Thorp ( , 1991a , and model predictions constrained by field evidence that suggest higher maximum icesurface altitudes typical of ice cap glaciation (Golledge & Hubbard, 2005) . These more recent findings support previous research that similarly referred to the west Highland ice mass as an ice cap (e.g. Sissons, 1979; Horsfield, 1983; Sutherland, 1984; Payne & Sugden, 1990; Hubbard, 1999; Purves et al., 1999) , but are at odds with the views of other workers who worked further to the north (Thorp, 1984 (Thorp, , 1986 Bennett & Boulton, 1993) or further west (Ballantyne, 2002) . For any given set of parameters (such as ice temperature, bed rheology, and glacier extent) that describe (or force numerical models of) the Younger Dryas ice mass in the western Scottish Highlands, a larger volume of ice is required for an ice cap rather than an icefield reconstruction (Golledge & Hubbard, 2005) . As a result, the ice thickness in the central dome will be greater and the surface slope of the ice margins correspondingly steeper. The greater shear stress imposed by the thicker ice mass will ultimately give rise to higher strain rates and greater ice velocities (Weertman, 1973; Benn & Evans, 1998) in the ice cap outlet glaciers than in the icefield valley glaciers reconstructed by Thorp (1991b) . In order to maintain these higher balance velocities an ice cap must experience correspondingly steeper accumulation -ablation gradients, an implication which may impact significantly on palaeoclimate inferences drawn from such glaciological reconstructions.
The differences in terminology adopted by the various workers may reflect little more than the spatial and temporal variation of the ice mass in each study area, however. Those concerned with the central portion of the ice mass may find evidence typical of ice cap glaciation during its maximal extent, whilst studies focussed nearer the ice margins -on purely deglacial field evidence or on independently glaciated areas away from the main accumulation area (e.g. Benn & Ballantyne, 2005; Benn & Lukas, in press) -may lean more toward an icefield interpretation.
In actuality, the ice mass likely evolved during its life from one form to another, leaving behind a complex geomorphological signature. The focus here is on the identification of geomorphological and sedimentological features that enable any area of a former ice mass to be critically appraised and accurately defined based on its nature at its maximal thickness and extent.
4 Study area
Existing model and previous literature
Topography has long been recognised as a major forcing factor in glacierization (e.g. Manley, 1955; Schytt, 1967; Andrews et al., 1970; Ives et al., 1975; Payne & Sugden, 1990; Glasser et al., 2005) , and thus the degree to which the topography influences the build up and evolution of an ice mass must be regarded with at least equal import as climate. Thompson (1972 ), Horsfield (1983 , and Thorp (1984 Thorp ( , 1986 Thorp ( , 1987 Thorp ( , 1991a , identified the relict glacial landforms, and to a lesser extent the sediments, of different parts of the western Highlands, and from these drew inferences about the size and dynamics of the former Younger Dryas ice mass. Thompson (1972) proposed a valley glacier reconstruction for the area around Glen Lyon, with individual glaciers sourced at altitudes > 900 m a.s.l. and flowing for the most part along the major valleys of the area. This interpretation was disputed by Horsfield (1983), who instead concluded that an ice cap with a maximum surface altitude of > 1000 m a.s.l. and centred on the Etive and Nevis mountains dominated the area. Working predominantly to the north and west of Rannoch Moor, Thorp (1984 Thorp ( , 1986 found no evidence of the thick ice postulated by Horsfield (1983) , but instead mapped periglacial trimlines to infer much lower ice surfaces. He reconstructed a low aspect-ratio icefield with icesheds no higher than 750 m a.s.l, drained by numerous fast flowing valley glaciers.
Recent research based on detailed geomorphological and sedimentological field mapping combined with numerical model predictions (Golledge & Hubbard, 2005 ) produced a reconstruction whose maximum ice surface altitude contrasts significantly with that of Thorp (1984 Thorp ( , 1986 ). This latest interpretation proposed an ice cap with a maximum surface altitude of c. 900 m a.s.l., and with flow in its central area largely determined by its surface slope, rather than the underlying topography. The ice cap dome maintained a relatively steep surface in areas up-ice of its outlet glaciers, suggesting higher basal shear stresses than those proposed by Thorp (1991b) .
FIGURE 2

New data
The timing of glaciation in the study area is bracketed by organic deposits buried beneath subglacial till at Croftamie, southeast of Loch Lomond, suggesting a maximum glacier extent at 10, 560 ± 160 14 C ka BP, (Evans & Rose 2003) , and inferred ice-free conditions on Rannoch Moor by 10, 660 ± 240 -10, 390 ± 200 14 C ka BP, (Lowe & Walker, 1976) . Although the dates from Rannoch Moor may be 'too old' (Sissons, 1979) , the Croftamie dates nonetheless imply that the Younger Dryas ice reached its maximum southerly extent very late in the Stadial, and that subsequent deglaciation was very rapid indeed.
Landforms and sediments in the northern sector of the study area ( In Coire Chailein c. 6 m disturbed but bedded gravel, sand, silt and clay separates a 13 m thick lower sand-dominated yellow-brown till from an upper 8 m thick silt-and clay-dominated grey and brown till. In Coire Thoin the grey till abruptly overlies a reddish sandy diamicton that when subjected to X-Ray Diffraction (XRD) analysis yielded a strong peak consistent with the presence of kaolinite, a clay mineral weathering product whose abundance in a deposit increases with age. 
Testing the landsystem model
The above examples illustrate that a variety of landform-sediment assemblages are present in the study area of the western Scottish Highlands. By comparing the distribution and abundance of individual landsystem elements with the theoretical criteria defined above an assessment of dominant glaciation style can be made for each sector of the study area (Table 2) . Field mapping has already enabled accurate constraint to be placed on the upper limit of ice in the northern sector of the study area (Golledge & Hubbard, 2005) . The same methodology is adopted for the central and southern sectors, enabling ice surface contours to be constructed along flowlines based on the empirical data and constrained by equations for theoretical parabolic profiles (Nye, 1952; Paterson, 2000) . The overall geometry of the ice mass between flowlines is then approximated and guided by previous reconstructions (e.g. Horsfield, 1983) ( Figure 5 ). Digitised ice-surface contours were used to generate a triangulated ice cap surface using ArcGIS 9.0, from which a 3D surface grid was interpolated. Raster subtraction of the topographic surface from the ice cap grid allowed ice thicknesses and the location of nunataks to be checked quickly and accurately. These methods also allow basal shear stresses to be calculated, using:
where ρ is the ice density (900 kg m −3 ), g is gravitational acceleration (9.81 m sec −2 ), h represents ice thickness (m), and α is the ice surface slope (Paterson, 2000) . Applying Equation (1) to centre points of Glen Orchy, Glen Falloch / Loch Lomond, and Glen Lyon yields, respectively, values of τ = 30 -50 kPa; 45 -60 kPa; 50 -80 kPa.
FIGURE 5
Importantly, the feasibility of the local ice centre in the southern sector can be tested using the summit breadth vs height relationship defined by Manley (1955) . The curve defines the non-linear inverse relationship between mountain or plateau summit breadth and the height above the firn line (or ELA) at which snow can be expected to accumulate. When the breadths of major summits in the Beinn Chabhair -Ben More massif are plotted against height relative to the local ELA (435-505m a.s.l., Sissons, 1979) , five of the seven summits could theoretically support snow accumulation during the Younger Dryas ( Figure 6 ). Geomorphological evidence indicates, however, that whilst many of the summits may have accumulated snow, their ice-cover was probably thin, cold-based and non-erosive (cf Kleman, 1994; Rea et al., 1998; Rea & Evans 2003) . Nonetheless, the concordant moraines and glaciodeltaic sediments suggest that accumulation on these summits was at least sufficient to nourish a local mountain icefield which remained active following recession of the Rannoch Moor ice cap.
The sensitivity of this mountain icefield to climatic changes typical of a warming deglacial environment can be tested by using a number of palaeoclimatic parameters and proxies. Air (2) in which a is the total annual accumulation, and t is the mean summer air temperature, at the ELA. Using an altitudinal lapse rate of 0.68°C / 100 m to derive t from the sea-level temperature above, Equation (2) 6 Discussion
Landform-sediment assemblages diagnostic of ice cap glaciation have been defined above (Table   1) . By using the alignment of former moraines, the distribution of thick till sequences, the altitudes of streamlined cols, kinematic indicators such as glaciotectonic structures, and the direction of flow of ice-marginal outwash, it has been possible to reconstruct the style of Younger Dryas palaeo-iceflow in part of the western Scottish Highlands ( Figure 5 ). This empirical reconstruction is constrained by published maximal limits and overall ice-mass geometries (Sissons, 1979; Horsfield, 1983; Thorp, 1984 Thorp, , 1986 Hubbard, 1999) and is supported by theoretical ice surface profile calculations (Nye, 1952; Paterson, 2000) and established accumulation area / altitude relationships (Manley, 1955; Rea et al., 1998) . The reconstruction shows that ice flowing radially from Rannoch
Moor overwhelmed many of the high-level cols between mountains to the southeast, and many of the hills to the south and southwest ( Figure 5 ). Transects from south of the Rannoch Moor source area to 3 main outlet glaciers are shown in Figure 7 . These cross-sections demonstrate the variable degree of topographic control exerted on the ice cap in this study area. Significantly, ice surfaces projected from the maximal ice height of c. 700 m a.s.l. proposed by Thorp (1984 Thorp ( , 1986 show that the ice would have been constrained by bed topography to a much greater degree, consequently giving rise to a very different style of glaciation and landsystem. In the new reconstruction, flow is concordant with the underlying topography in areas where bed slope and ice surface slope were similar, but discordant where the two differed. Where the latter is true, former ice flow was governed primarily by the direction of ice cap surface slope.
Where soft-bedded outlet glaciers drained the central dome, such as in Loch Lomond and Glen Dochart, decreased basal drag enabled lowering of the ice surface. Steeper ice surface gradients at the heads of these outlets no doubt propagated greater strain heating of the drawn-down ice, and enabled faster flow through a combination of bed deformation and basal sliding. The coincidence of these drawdown zones with areas of streamlined, remoulded or superimposed bedforms (Figures particular glaciological conditions.
FIGURE 7
South of Glen Falloch and Glen Dochart a local dome in the main ice cap is inferred; one that thinned during deglaciation to a climatically sensitive mountain icefield whose outlet glaciers were confluent with the retreating ice cap margin in Glen Falloch. Independent centres such as this are known to have existed elsewhere in Scotland during the Younger Dryas (Sissons et al., 1973; Lukas, 2005; Benn & Ballantyne, 2005) . The local dome on the Beinn Chabhair -Ben
More massif deflected south-flowing ice southwestward through Glen Falloch, and contributed to eastward iceflow through Balquhidder Glen. Much of the ice forming the Loch Lomond glacier was probably sourced in the high plateau area south of Ben Lui and Ben Oss, a factor that no doubt enabled greater southerly extension of the ice cap than could otherwise have been achieved.
The new reconstruction may also call into question the eastern limit of ice in Glen Lyon, proposed by Thompson (1972) to lie at Innerwick (Figure 2 inset). For this to be the case the ice-surface gradient in this area would have had to have been especially steep, falling c. 600 m in less than 10 km. Instead it is preferable to invoke a staged recession of the ice cap (Figure 8 ), perhaps as windward migration of the ice divide led to overall thinning and early retreat of eastern margins, as seen, for example, in Patagonia (e.g. Sugden et al., 2002) .
FIGURE 8
The patchy and generally thin subglacial till in the study area shows that, in general, bed deformation played only a limited role in glacier motion. Instead, ice flow in the central area of the ice cap was probably accomodated through a combination of basal sliding and internal deformation.
Basal shear stresses in the Loch Lomond and Glen Lyon outlet glaciers were of the order 45 -60 kPa and 50 -80 kPa respectively -slightly higher than the values of 40 kPa and 53 kPa calculated by Thorp (1991b) . Higher stresses are consistent with the steeper ice cap profile predicted here. The new reconstruction implies greater net accumulation than necessary in Thorp's (1984 Thorp's ( , 1986 ) model, suggesting either greater palaeo-precipitation, lower summer palaeo-temperatures, or both. Many
Scottish studies have attempted to link palaeoglaciological reconstructions of individual glaciers or icefields with climate (e.g. Sissons, 1979; Ballantyne, 1989; Benn et al., 1992 , Ballantyne, 2002 , but significant problems are known to exist in applying such an approach to larger areas, due to the complex and non-linear response of ice masses to climate fluctuations (Kerr, 1993; Purves them (Rea et al., 1998) . Additionally, any reconstruction, including that presented here, can only offer a 'snapshot' of the ice cap during its dynamic evolution. It may be postulated therefore that the periglacial trimlines used to determine former ice-surface altitudes (e.g. Thorp, 1981 Thorp, , 1984 represent later 'snapshots' in the time-transgressive fluctuations of the ice cap's lateral margins.
A possible reconciliation of the differing interpretations might thus rest on the exact chronology of formation of each landsystem element. Early growth of a thick, relatively immobile, ice cap that overwhelmed much of the area south and southeast of Rannoch Moor may have been followed by a period of dynamic drawdown that led to thinning and ice surface lowering. Greater temperature fluctuations in this period of unstable climate may have promoted aggressive freeze-thaw processes that shattered newly exposed, glacially-weakened rock surfaces. Lithological contrasts governing bedrock strength controlled the efficacy of these processes, thus giving rise to spatial variability in the development of trimlines. Accelerating flow of outlet glaciers at this time may have enabled their maximal southerly limits to be reached late in the Stadial, before irreversible negative mass balance led to rapid recession of ice margins and widespread deglaciation.
Conclusions
This article defines a set of eight physical, geomorphological and sedimentological criteria for the identification of non-topographically confined ice flow, allowing landform-sediment assemblages to be treated as elements of a larger landsystem. This ice cap landsystem, characterized here for the first time, sets forth diagnostic criteria that can be used together as a generic tool in determining the nature of a former ice mass in any relict glacial landscape.
In this study of part of the western Scottish Highlands, the field evidence in much of the area satisfies the eight key criteria indicative of ice cap-style glaciation: a reconstructed ice cap greater than 1000 km 2 , a low domed centre feeding outlet glaciers, topographically discordant moraine alignments, preservation of thick valley-floor sediment infills, streamlined high-level cols, countertopographic iceflow indicators and ice-marginal drainage, and collective wider evidence of radial outflow from the central dome. Only in the south of the study area does the field evidence indicate topographically confined ice flow. The former presence of a subsidiary but coalescent ice cap dome is inferred, which downwasted to a climatically sensitive mountain icefield feeding discrete outlet glaciers.
Together, these elements strongly suggest that the ice-mass in the western Scottish Highlands was largely unconstrained by topography during Younger Dryas maximum but became progressively more so during deglaciation. This interpretation is supported by good agreement with numerical reconstructions (Hubbard, 1999) and is based on physical glaciological principals (Nye, 1952; Paterson, 2000) , palaeoecological climate-proxy data (Brooks & Birks, 2000) and established glacier -climate (Ohmura et al., 1992) and glacier -topography (Manley, 1955) of Sissons (1979 Sissons ( , 1980 . Inset shows the location of the study area in Scotland, the extent of Younger Dryas glaciation (Sissons, 1980) , and localities mentioned in the text beyond the study area. Scale given by 5 km British National Grid ticks (main map), and Lat / Long lines (inset).
OS topography © Crown copyright. All rights reserved. proscribed maximum ice heights of Thorp (1984 Thorp ( , 1986 thinning. Note the result of increasing topographic control on ice flow directions, and the more rapid recession of eastern margins than those in the west. This simple decay scenario does not, however, account for local ice surface variability and does not differentiate between active and stagnant ice. Scale given by British National Grid ticks at 10 km intervals. Ice marginal landforms and sediments.
Table captions
Often offshore, at formerly grounded or calving margins.
T ypically terrestrial, often in lowland areas. Deglacial features may be discordant with local topographic slope.
T ypically terrestrial, often in lowland areas. Deglacial features generally concordant with local topographic slope.
T ypically terrestrial, often in upland areas or fringes of lowlands.
T errestrial assemblages in welldefined generally high-altitude topographic hollows.
Subglacial sediment deposition.
Often complete removal of pre-existing sediments in upland areas. Ubiquitous deposition of subglacial till.
Asymmetric deposition of till on valley sides. Accumulation of thick sediment sequences in valley floors, preservation of pre-existing deposits.
Erosion of pre-exisitng valleyfloor deposits. Symmetrical valley-side till deposition.
Erosion of pre-existing valleyfloor deposits. Symmetrical valley-side till deposition.
Erosion of pre-exisitng sediments, limited subglacial deposition, often bouldery supraglacial and ice-marginal deposits.
Landsystem elements
Decreasing ice thickness / increasing topographic control Table 2 .
